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Abstract 
The three-dimensional unsteady fluid flow structure over thin delta wings, 
sinusoidally oscillating in the rolling mode, was studied for varying wing oscil-
lation frequency, amplitude, and phase lag between wings. A new flow 
visualization technique, which allows quantitative velocity distributions to be cal-
culated, was developed and emplo¥ed. 
Multiple crossed planes, i.e grids, of hydrogen bubbles were generated 
upstream of the wings; they marked the flow past the wings. A laser-scanning 
illumination system, which created a narrow plane of intense light in the cross-
streamwise plane, could be translated in the streamwise direction. It was used 
~ 
to visualize the distortion of the hydrogen bubble marker grid due to wing mo-
tion at any streamwise location. After recording the end view images of the 
time variation of the bubble contours using a high-speed video system, a com-
plete three-dimensional picture of the flow structure at any instant of time 
could be analyzed. 
Deter1nination of this three-dimensional structure involved • measuring 
changes in the deflections of the marker-grid node points at successive stream-
wise locations at two time instants. By 1ising a phase-locking technique, the in-
stantaneous quantitative velocity field in the cross-streamwise direction could be 
accurately obtained. By pulsing the bubble generation between • successive 
streamwise locations, the streamwise velocity distribution could be calculated. 
Circulations were also calculated. 
Leading edge vortex core • size and strength increased with increasing 
reduced frequency of oscillation and decreasing mean angle betwee~,' wings. The 
radial position of the vortex core remained constant at high reduced freqencies 
1 
while changing at low reduced frequencies. Hysteresis effects were also noted at 
!, 
high speeds. 
.. 
\ 
) 
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Chapter 1 
Introduction 
1.1 Purpose of Investigation 
The desire to upgrade and improve modern high performance aircraft has 
presented a never-ending challenge to 
• 
engineers and scientists to increase 
maneuverability and decrease maneuver time of new aircraft. Paramount among 
these improvements is increasing the ability of the aircraft to fly at larger 
angles of incidence with respect to the plane's instantaneous mean flight direc-
tion. This angle of incidence is referred to as the angle of attack. Because the 
wings of aircraft flying at very high angles of attack have passed the wing 
stalled-flow threshhold, recent focus has been directed toward improving the lift 
characteristics of high-performance aircraft wings ( swept back, delta-shaped) in 
the post-stall flight regime (i.e. flight and lift maintainance after boundary layer 
separation from the upper surface of the wing has occurred). Dynamic move-
ment of the delta wing, or more realistically, one of its control surfaces, in this 
flight regime is one proposed means of overcoming the problem of dramatic loss 
of lift when stall begins or near the onset of stall. Both controlled pitching 
(variation in angle of attack) and controlled wing roll have been suggested as 
possible methods for circumventing or delaying the stall problem. 
This study focuses on the resulting flow structure from a split delta wing 
which is flown at an angle of attack while the two wing segments are simul-
taneously oscillated in a controlled rolling flight motion. A thin triangular wing 
is used as the prototype delta wing. The oscillation frequency and amplitude of 
each wing segment and the phase shift between wings are the parameters varied 
3 
., 
' 
for the sinusoidal case . 
A novel flow visualization technique, involving generation of a multiple 
layered hydrogen bubble grid upstream of the wings and a laser scanning il-
lumination system, was specifically developed for this study. Its development is 
a central theme of this thesis. 
1.2 State of Knowledge of Flapping Wing Flow 
1.2.1 Steady Flow at Angle of Attack: Vortex Breakdown 
In the case of a steady flow past a thin delta wing at a static angle of 
attack with respect to the freestream flow, two vortex sheets, one shed from the 
sharp leading edge of each wing, roll up to form two well-defined vortex cores 
on the upper surface of the wing (Peckham and Atkinson, 1957). The presence 
of these vortex cores is directly linked to an increase in lift on the wing above 
the lift which would occur without leading edge separation and consequent vor-
tex core formation (Hummel and Srinivasan, 1967). Lift forces on the wing 
continue to increase as angle of attack increases, however when the angle be-
comes too large, breakdown of the vortex cores occurs. 
At small angles of attack, the vortex core is observed to remain well-
defined, with a large swirling flow component, to a location well beyond the 
trailing edge of the wing. As the angle of attack increases, the location of vor-
tex ' breakdown moves upstream, past the trailing edge, and approaches the 
upstream apex of the wing. 
In all cases, a cross-sectional cut perpendicular to the axis of the vortex 
would reveal a distinct circular shape. The diameter of the vortex core in-
creases with streamwise distance along the axis of the core, because additional 
J 
4 
1 
vorticity is continuously being fed into the vortex from the roll-up of the lead-
/' 
ing edge vortex layer. The ref ore, the circulation of the core also increases 
downstream along the axis of the core. In analogy with vortex flows in tubes, 
·axial velocity of the core may be as much as three times the free-stream 
velocity (Sarpkaya, 1971). Flow exterior to the vortex core may be considered 
irrotational. 
The breakdown phenomenon itself is characterized by a region of sharp 
decrease in the axial velocity component of the core, which becomes, in extreme 
angle of attack cases, reversed flow. This locally stagnated, or reversed, flow 
region is followed by a fully turbulent wake. Note that after breakdown, flow 
inside the core is reversed in all cases. 
Of the many factors influencing breakdown of the leading edge vortex, the 
magnitude of the adverse pressure gradient is the most influential. The adverse 
pressure gradient, in turn, is directly related to the angle of attack of the wing. 
Reynolds number is known to have a very weak effect on breakdown. That is, 
the breakdown mechanism may also be considered as inviscid. 
Two distinct forms of breakdown have been documented (Lamborne and 
Bryer, 1961; Hall, 1966; Sarpkaya, 1971). The first mode is the "bubble" 
breakdown, which takes the form of a body of revolution; it suddenly appears in 
the path of the vortex core and is analogous to the hydraulic jump in open 
channel flow. A stagnation point occurs at the upstream tip of the body, the 
remainder being dominated by recirculation of flow and very slow velocities, 
compared to freestream. The "spiral" breakdown mode, which appears as a 
sharp kink in the narrow core, is the second form. As previously mentioned, 
the breakdown location moves closer to the wing apex as angle of attack in-
5 
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creases, suggesting that the magnitude of the adverse pressure gradient 
dominates the breakdown process (Sarpkaya, 1974). When the breakdown mode 
in at tube flow shifts from the initial spiral mode to the bubble mode, the 
breakdown location immediately jumps upstream a distance of several core 
diameters. Sarpkaya also found that for vortex cores in tubes, the adverse pres-
sure gradient need only be present in some small region around the core axis, 
and it is possible for this to occur under conditions when the overall adverse 
pressure gradient is not sufficient to cause breakdown itself. Recent investiga-
tions into causes of vortex breakdown have focussed on the instability of the 
vortex core to waves propagating axially through the core and axial asymmetries 
in the breakdown structure. 
1.2.2 Hypothesized Flow Structure for Motion in the Rolling Mode 
The case of a split delta wing oscillating in a rolling mode at zero angle 
of attack also is observed to produce a vortex core on the upper side of the 
wing, as the wing segment moves through its downstroke, and on the lower 
side, as the wing is in its upstroke. But in contrast to the case of angle of at-
tack, where a vortex core is formed in both the static and dynamic pitching 
cases, flapping wing motions at zero angle of attack only produce a core for the 
dynamic flapping motion because of the leading edge separation which occurs 
during the motion. Static wings exhibit no leading edge vortex core, as ex-
pected, because no leading-edge separation exists. 
\ 
Despite the apparent importance of leading edge separation due to the 
time dependent unsteady motion of oscillating swept edge wings, very little is 
known about the flow structure on swept wings. The formation of vortex cores 
in a pitching delta wing motion was already discussed. For the topic of inter-
6 
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est in this study, delta wings oscillating in the rolling mode, only the 
phenomenon of "wing rock" has received notable attention. 
Wing rock is a self-excited type of oscillation of delta wings having a large 
sweep angle. Asymmetrical shedding of vorticity from the combined leading 
edge causes self-excited oscillation of the combined wing. A loss in lift on the 
wing results, due to the asymmetrical shedding and the movement of the vortex 
core axis away from the wing surface. Asymmetrical vortex shedding is believed 
to be brought about· by the effects of mutual interaction between the normally 
present pair of oppositely-sensed vortex cores on the same wing surface in close 
proximity to one another (Ericsson, 1983). At very large angles of attack, 
greater than 35 degrees, vortex breakdown, resembling "bursting" of the vortex 
core, is a cause of a rolling instability on the aircraft as well. 
1.3 Projected Studies for the Current Project 
The cause for the rolling wing instability can be understood only after un-
derstanding the basic vortex-wing interactions which occur. One way to ap-
proach this complex problem is to subject a delta wing to a controlled motion 
rJ 
and study the resulting vortex core generation, interaction, and decay. A 
4') 
simple type of controlled forcing of the wing is a cyclical sinusoidal motion with 
adjustable f rcquency, amplitude, and phase relation of oscillation. 
The f rec-stream velocity flowing over the wing plays an important role in 
g 
convecting the locally shed vortex sheet, located along the leading edge, off of 
the wing and into the downstream wake. The sinusoidal oscillation of the 
wing's segments would be expected to generate vortex cores on each wing seg-
ment during both the upstroke and downstroke. Depending on the freestream 
velocity, relative to the wing oscillating frequency, and the chord and span 
7 
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dimensions of the wing, ·vortex cores would or would not quickly be swept off 
the wing. At higher oscillation frequencies, hysteresis, i.e. the presence of a 
residual vortex core which was generated during the preceeding upstroke during 
the beginning of the wing downstroke, would be expected to occur. A similar 
behavior would be expected for the wing upstroke. 
A second type of forcing, a ramp-input forcing, would permit study of the 
same leading edge vortex generation as with sinusoidal motion, but with 
elimination of any hysteresis or residual vortex core effects, because the motion 
would not be cyclical. How the three-dimensional flow structures for these two 
' 
contrasting forcing modes compare remains unanswered. 
By positioning the split delta wing at an angle of attack and repeating the 
same oscillation modes as above, one would expect significant variations in the 
three-dimensional vortex core structure produced. Presence of the angle of at-
tack would in itself cause leading edge separation and a vortex core for the 
static case. Dynamic oscillations in the rolling mode would be expected to al-
ternately enhance and attenuate the static leading edge separation by changing 
the dynamic instantaneous angle of attack of the delta wing. One can under-
stand these proposed effects more clearly by relating them to the causes of 
leading-edge vortex formation and breakdown. 
Local pressure gradients are a key factor. A static wing flown at an angle 
of attack causes a low pressure region to develop on the upper surface of the 
leading edge of the wing. In response to this pressure difference, a vortex sheet 
separates from the wing as it rolls around the lower surface, rolls up, and forms 
a swirling vortex core on the upper surf ace. Higher angles of attack, which 
result in higher lift because of a larger lower-to-upper surface difference in pres-
8 
' 
,. 
sure, are possible without boundary layer separation. But as the angle of at-
tack becomes too large, separation of the flow is inevitable. A locally rapid 
deceleration of the axial velocity of the vortex core to the point of a recircula-
tion zone being present in the vortex core occurs at some streamwise location 
because of the high wing incidence angle. This rapid flow deceleration and 
reversal causes the vortex core to "burst" and break down, becoming a fully 
turbulent wake. The broken down vortex core no longer possesses the highly 
swirling azimuthal velocity component characteristic of the strong well-defined 
core near the wing apex and therefore cannot keep the boundary layer attached 
to the upper wing surface. The boundary layer separates, causing global flow 
• 
recirculation on the upper side of the wing. The enhanced lift is lost, and a 
stall condition is the result. 
The case of an oscillating split delta wing is similar. For example, during 
the downstroke, the pressure on the upper wing surface is lower than on the 
lower wing surface. A net pressure-induced lift force results. The combination 
of a mean flow component and a transverse flow component of the leading edge 
of the wing causes a shear layer to separate from the upper surface of the wing, 
forming a swirling vortex core on the upper wing surface; in essence, this is as-
sociated with increased vorticity flux from the wing sl1rface into the vortex. 
/ 
This vortex flow stays with the wing during its downstroke. The large 
azimuthal velocity of the vortex causes an even lower pressure to arise0 resulting 
in a vortex-induced lift contribution from the wing motion also. 
process occurs on the upstroke. 
A similar 
When the wing is oscillated in the rolling mode and is simultaneously 
"flown" at an angle of attack, the scenario becomes even more interesting. The 
9 
angle of attack causes a low pressure region to form on the upper surface of the 
.. 
· wing. As the wing moves through the downstroke, the low pressure region be-
comes even lower, as described above, enhancing the pressure-induced · lift to a 
greater degree than the zero angle of attack case. The vortex swirl created by 
the leading edge of the rolling wing augments the swirl created by the free-
stream flow over the incident wing, greatly increasing the strength of the swirl-
ing vortex. The vortex-induced lift enhancement is much greater, as the swirl 
........ 
creates a lower local pressure region which contributes to net lift. 
On the upstroke, the reverse process is observed. A low pressure region is 
created on the lower wing surface, due to the upward wing motion, which 
reduces the overall pressure difference created by the angle of incidence to the 
flow. Also, vorticity shed· by the moving wing has an opposite sense to the 
vorticity of the incidence-induced vortex, cancelling some of its strength. The 
result is a much weaker vortex core with much smaller swirl velocity. Combin-
ing these opposing effects of the upward wing motion and angle of incidence, a 
lower lift force, compared to the static wing, results. 
1.4 "Clap and Fling" Mech11r1ism of Insect Flight ; 
To date, insects and birds are the only organisms that have generated the 
lift force to fly through flapping wing oscillations, so any study of wing oscila- 1 
tion should jnclude a discussion of the flight mechanisms used by these ex-
perienced flight practitioners. For the experiment at hand, the "Clap and 
Fling" flight mechanism, named by Weis-Fogh (1973) is the most similar. It is 
used most notably by butterflies, moths, and bees in hovering flight. In con-
trast to the study herein, this clap and fling mechanism may be considered a 
quasi-two-dimensionsal fluid motion around wings with no mean flow present 
10 
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(Maxworthy, 1979). The motion begins with the insect's pair of wings 
"clapped" together, so their internal surfaces touch completely, overhead of the 
insect. Starting at the instant when both wing surfaces are pressed together, 
the "fling" consists of an opening of the wings by rotation about their trailing 
edges until the included angle between them is about 120 degrees (see Figure 
1). During this rotation, a pair of very strong, oppositely-sensed vortical cir-
culations are generated around the wings, as air separates and rushes around 
the leading edges, in a swirling vortex sheet. Upon completion of the fling, the 
wings move apart and begin their downstroke, moving in an arc centered about 
the insect's body, carrying the large circulations of the fling with them. 
Greatly enhanced lift, which is directly related to the large circulation, results. 
Average coefficients of lift up to 4.6 and instantaneous lift coefficients ten times 
as high have been measured. 
Maxworthy (1979) and Spedding and Maxworthy (1986) have performed 
extensive quantitative study on the clap and fling and the associated enhanced 
lift generated. The basic motion is treated as two-dimensional. Flow into the 
opening gap during the fling phase creates equal and opposite circulations of 
J 
magnitude around each wing, so the total circulation around the wing pair 
remains zero, in agreement with Kelvin's rfheorem. When the wings part and 
begin the downstroke, each immediately experiences lift L~pfU ~' where· p is 
I 
density of fluid and r is the magnitude of the fling's circulation, without the 
delay that is associated with the case of an impulsively started a.crofoil. Max-
worthy confirmed the inviscid analysis and also showed the important effects of 
viscosity in forming the large leading edge separation vortices whose circulation 
continues to increase until the included wing angle is 150 degrees. The ad-
11 
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ditional circulation generated by the leading edge. vortices enhances the inviscid 
lift due to the wing motion. 
1.5 .Trapped Vortex Model for Enhanced Lift 
A third application of the oscillating motion in this study applies to the 
recent innovation of a leading edge flap which generates a trapped vortex on 
the upper surface of the wing (Rossow, 1978). The concept is an exten8ion of 
the lift enhancement that occurs when an organized vortex occupies the 
separated flow region over highly swept wings at large angles of attack, as 
previously discussed for swept wings. A jet of air must be directed along the 
center-line of the trapped vortex sheet to stabilize it on the upper wing surface. 
Its effect is to keep the boundary layer attached, because of the artificially low 
pressure region associated with the high circulation of the trapped vortex sheet, 
for larger angles of attack. Enhanced lift on the wing, due to the enhanced cir-
-
culation of a circuit around the wing at a larger angle of attack, results. So 
far, studies have been limited to a stationary trapped vortex generated by a 
stationary leading edge flap (see Figure 2 ). 
Modeling the trapped vortex as a point vortex and performing an inviscid 
analysis, Rossow sho\\,.ed that coefficients of lift up to about 10 are possible 
from · the trapped vortex sheet. I1o\\'ever, analysis of a more realistic ap-
proxima.tion to the three-dimensional d·istribution of vorticity in the region a 
t. the wing may yjeld quite different results. The oscillating split delta w1 
prototype constructed for this experiment is well-equipped to perform experimen-
tal analysis of the trapped vortex concept. 
12 
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Chapter 2 
Description of Prototype and Experimental 
Method 
The purpose . of this thesis is to study the flow structure created by a pair 
of delta wings which are oscillated in a controlled motion. To achieve this 
goal, a complex and original experimental system · was developed and con-
structed. The total system may be divided into several subsystems: (1) flow 
visualization system; (2) delta wing system; and (3) control network. Detailed 
description of the construction and operation of each subsystem follows. 
2.1 Flow Visualization Subsystem 
2.1.1 Traditional Hydrogen Bubble Visualization Techniques 
Most use of hydrogen bubble flow visualization techniques have employed a 
fine platinum wire ( .001" diameter) placed in a specific orientation in the flow. 
By passing an electrical current through the p]atinum wire and into a carbon 
anode, a plane of bubbles was created in line with the bubble-emitting platinum 
wire and'. emanated in the downstream direction. Local flow distortions were in-
.1; 
dicated by visual distortion of the bubble plane. By pulsing the current 
through the wire, shorter distinct strips of bubbles· were created. By adjusting 
' 
the frequency and duration of the electrical pulses, one could produce strips at a 
convenient rate and convenient thickness to show, more definitely, the local flow 
structure. Also, by knowing the pulsing frequency and free stream flow speed, 
one could measure the varying gap between successive bubble strips (from still 
photos of the experiment) to acquire quantitative information about the local 
time dependent velocity distribution in the direction of flow, as well as to ac-
13 
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quire qualitative insight into the flo.w st'ructure. By insulating portions of the 
wire, segmented strips of bubbles could be produced, from which one could glean 
quantitative information on the local velocity profiles in both the streamwise 
and cross-streamwise directions. 
In recent years, there have been attempts to describe certain features of 
unsteady three-dimensional flows using the hydrogen bubble technique. Smith 
and Paxson (1983) employ a single wire in a turbulent boundary layer to con-
struct the three-dimensional surface generated by tracking a series of time]ines. 
Ongoren, Chen, and Rockwell (1987) employ a phase-referencing technique to 
study the flow past a three-dimensional cylinder subjected to controlled oscil-
lations. In this method, phase-locked images at a number of spanwise locations 
were connected to provide a three-dimensional view of the flow evolution space 
and time. Another alternative was to build a hydrogen bubble probe with mul-
tiple wires ( up to four wires were possible) at a regular spacing interval and 
generate a number of planes of bubbles simultaneously. However, with only 
conventional lighting sources available (high-powered strobe lights) only the 
deflections of the outermost bubble sheet cou]d be observed; movement of the 
inner sheets was obscured from view by the outermost sheet. I1ence, no inter-
nal flow structure could be viewed. For this reason, localized lighting with a 
laser sheet is desirable. 
In all of these techniques, it was not possible to obtain information on the 
velocity field and, thereby, the vorticity and circulation of the vortical struc-
tures. This need for a quantitative description of unsteady three-dimensional 
flow serves as the primary motive for the new technique described in this study. 
14 
2.1.2 Flow Visualization Technique and Mechanism 
The technique developed for visualizing the flow structure over the oscillat-
ing wings is new. Multiple crossed planes of hydrogen bubbles (between fifteen 
and thirty planes in each direction) are generated perpendicularly to the 
freestream flow upstream of the wings by a multiple-crossed-wire hydrogen bub-
ble probe. A gap of approximately 0.5 cm separates the probe and the wing 
apex to avoid possible damage to the extremely delicate bubble probe. A 
detailed drawing of the probe is presented in Figure 3. 
As the bubble planes flow past the oscillating wings, the bubbles are 
deflected by the wing motion. A laser beam underneath the channel is reflected 
up through the test section off an oscillating mirror-scanner oscillating at up to 
500 Hz. The reflected laser beam is swept back and forth through the test sec-
tion in the cross-streamwise (y-z) plane so quickly ( at a frequency of 500 Hz) 
that it appears as a conical sheet of light to the naked eye, still cameras, and 
high speed video systems. The intersection of the laser-illuminated plane in the 
test section with the deflected bubble sheets results in a pattern of bubble con-
tours which represent the flow structure at the particular cross-section il-
luminated by the laser sheet. To record the images, one must look in the end 
view, i.e. look directly upstream. A conventional car door 1nirror, fitted to a 
custom made stand, is oriented at a 45 degree angle to allow a video camera 
positioned outside and perpendicular to the test section to record the distorted 
bubble contours in the end view. At a series of streamwise (x) locations the 
time-varying flow is recorded on the video so that the entire three-dimensional 
flow structure is obtained in the most compact form possible. 
The set-up used to create a movable laser sheet which may be oriented in 
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any direction is quite complex. A diagram is presented in Figure 4. 
An Argon laser, which is located underneath the inlet to the channel, 
emits a light beam of 1 mm diameter which is directed under the channel test 
section beam toward mirror A, located at some downstream position, so that 
the beam is absolutely horizontal and absolutely parallel with the direction of 
flow. This requires a very fine adjustment, but it is crucial that there is no 
deviation of the beam from this horizontal and streamwise parallel orientation. 
The maximum power of the laser beam is 3.5 watts and includes all visible and 
invisible wavelengths of light. 
Note in Figure 4 that mirror A is mounted at one end of a second 
parallel-rail/linear bearing system which is perpendicular to the primary rail sys-
tem. Mirror B and the oscillating mirror are mounted on a small table which 
is placed on the upper rail system and moves freely in the streamwise direction. 
The small table's upper surface is further capable of rotation about a vertical 
axis through the axis of mirror B. The freed om of this table permits rotation 
and translation of the laser sheet to any location underneath the test section 
(with respect to the streamwise, cross-streamwise, and angular coordinates). Be-
cause the beam is carefully oriented as described above, the bearn from the laser 
is incident upon the center of mirror A regardless of the streamwise location of 
the upper rail assembly and mirror table. l\1irror A diverts the beam another 
ninety degrees toward mirror B so it is oriented perfectly horizontally and per-
fectly in the cross-streamwise direction. Regardless of the cross-streamwise loca-
tion or angle of rotation of the upper table, the beam strikes mirror B exactly 
... 
on its center. Mirror B is located on the exact axis of rotation of the upper-
most table, so regardless of the angular orientation of the table, the beam 
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reflected off mirror B always falls directly on the oscillating mirror. 
The oscillating mirror is connected to the shaft of a controlled 
galvanometer-scanner and oscillates at a variable speed in the range of 500 
cycles per second. A controller accompanies the galvanometer-scanner and al-
lows for adjustment of speed, amplitude, and offset of oscillation. It was found 
that by increasing the scanning speed of the beam to a level several times the 
frequency of the video system which records the bubble images, no noticeable 
oscillation of the laser beam appeared on the video. 
The crux of the multiple-sheet hydrogen bubble visualization used in this 
experiment rests on the production of a multiple wire probe with between fifteen 
and thirty wires in each direction which generates thick, well defined bubble 
sheets from all wires. Its development was very involved and warrants detailed 
explanation. 
2.1.3 Principle of Hydrogen Bubble Visualization 
Any discussion of multiple-wire hydrogen bubble probes should begin with 
a review of the physical principles behind bubble generation. Hydrogen and 
oxygen bubbles are created by the electrochernical reaction which takes place 
when a voltage is applied across two metal poles placed in an electrolytic fluid. 
The pole with the positive charge is called the anode and oxygen bubbles evolve 
from it. The negatively charged pole is known as the cathode and hydrogen 
bubbles are generated on its surface. In the hydrogen bubble visualization tech-
nique, the anode is a carbon rod, while the cathode takes the form of a long 
taut platinum wire of very small diameter, usually .001 to .003 inches ( .00254 
cm to .00762 cm). The electrolytic solution is created from regular tap water 
(which fills the water channel) by adding small amounts of sodium sulfate salt 
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crystals to the water. 
The hydrogen and oxygen bubbles are actually produced by the current 
flowing through the electrical circuit created when a voltage is applied across 
the anode and cathode: current flows from the voltage source through the cop-
per wire leads to the taut platinum wire, through the wire, through the water 
to the carbon rod, and back to the voltage source. The amount of current 
produced is a function of the electrical resistance of the circuit, which in turn is 
mainly a function of the conductivity of water. Hence, by adding more salt to 
the water, its conductivity increases, resistance decreases, current increases, and 
more bubbles are generated. We have found that for the case of a single 
platinum wire as the anode, a highly reflective sheet of hydrogen bubbles may 
be produced by as little as 30 volts and between 75 and 150 milliamps. 
However, for a probe with sixteen platinum wires, more than 300 volts and be-
tween 3 and 5 amps are .required to produce very dense, well-defined bubble 
sheets. 
But note that merely producing bubbles is not enough; for the bubble 
sheets to be useful, they must be dense and well-defined, with no large bubbles 
"clouding" and obscuring the bubble sheets. This condition is very difficult to 
achieve and a great amount of time and effort was spent trying to overcome 
the large bubble obstacle in the lab
0
§ .... at Lehigh. Many times, prototype 
multiple-wire probes would produce well-defined, clean sheets when first hooked 
up, but after r~nning for a few minutes, the quality of the sheets deteriorated 
to a level where one could not distinguish individual sheets. Consequently, ex-
periments could not be run. It is now felt that the wires generate more large 
bubbles after they "heat up" and measures must be taken to cool the wires 
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down. Methods to combat this problem will be discussed shortly. 
2.1.4 Multiple Wire Probes 
We begin with a description of. a traditional single wire probe, as have 
been used in the Fluid Mechanics Research Laboratories at Lehigh University 
for many years. 
The traditional "probe holder" (the structure used to support the taut 
platinum wire in the flow stream) is made of brass tubing, between 1/8 and 
1/4 inch O.D (.32 cm and .64 cm) which is soldered together (using common 
lead-tin solder) in the shape of a two-pronged fork (see Figure 5). 
A length of platinum wire is attached across the tips of the open end of 
the fork using solder connections, which both hold the wire in place and provide 
electrical connection between the brass tubing and the platinum wire. A copper 
wire lead is attached between the voltage supply and the platinum wire by one 
' 
of two methods. In the first method, the wire is simply soldered to the top of 
the probe holder and the electrical connection runs down through the brass 
tubing, which forms the structure of the fork, to the platinum wire. Insulation 
(either heat shrink tubing, electrical tape, or a liquid tape) covers all exposed 
brass tubing, leaving only the bare platinum wire to conduct current into the 
water and produce bubbles. Unless the brass tubing is extremely long, or the 
. older connections are faulty, this method works we]) for conducting current to a 
single platinum wire . 
.. 
The second method of connecting the platinum wire to the copper wire 
leads is to run insulated copper wire inside tl1e hollow brass tubing of the probe 
holder and connect it to a short piece of brass rod which is wedged inside the 
tips of the hollow fork and insulated from the hollow brass tubing. The 
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platinum wire is soldered between the tips of these short brass posts at the 
ends of the fork tips. The advantage of this method is that the probe holder is 
isolated from the electric circuit virtually entirely -- only the two short posts 
conduct current to the platinum wire. Brass is a good conductor of electricity, 
but not a great one, and there is a significant loss of current to the brass 
tubing in the first method of construction. So by eliminating the probe holder 
itself from the electric circuit and sending the current through copper wires al-
most directly to the platinum wire ( only a short segment of brass is involved), 
more power can be transmitted to the platinum wire. Our experience shQws 
that probes with up to four parallel platinum wires can be expected to produce 
good quality bubbles on all four wires when the second method of construction 
is used. 
But for bubble probes with more than four platinum • wires, the above 
"traditional" bubble probe construction is insufficient. Common problems are 
that not enough bubbles are produced, the wires produce bubbles unevenly, some 
wires produce more- bubbles than other wires, or the probe is too difficult to 
construct while trying to maintain the same tension in each platinum wire. 
The breakthrol1gh in hydrogen bubble probe construction was the innova-
tion of a completely new method for supporting the platinum wires at the ends 
of the probe holder fork. It was a feeling for quite some time that the intro-
duction of brass anywhere in the electrical circuit from the voltage supply to 
the platinum wires caused\ severe losses in the power transmitted. But the 
brass posts at the ends of the fork were needed not only to conduct current to 
the platinum wires, but more importantly, to support the platinum wires-
Numerous probes with twelve wires were constructed in this manner, but they 
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all had the same problem: bubble production was weak and uneven. 
The innovation was to construct the probe by taking a single continuous 
platinum wire and stringing it up in a plastic frame just like one strings up a 
tennis racquet. Short plastic pegs were press-fitted into a brass rod covered 
with insulation at regularly-spaced intervals and platinum wire is strung, back 
and forth, around these pegs. All the wires are guaranteed to be parallel and 
at the proper spacing. Copper wire is run down the outside of the holder fork 
and connected directly to the platinum wire; brass is completely excluded from 
the electrical circuit. Further, to strengthen the fork of the probe holder and 
prevent flexibility in the two arms of the fork (which can cause real havoc by 
loosening the tension of the platinum wire), the probe was made as a square 
frame so that there is no need to worry about the tension in the platinum wire 
changing. 
Another key to the success of multiple wire probes was the conquering of 
the large bubble problem. Of the many hydrogen bubbles generated on each 
platinum wire segment, some are larger than the predominantly small bubbles. 
Because the volume of air in the large bubbles is greater than for the small 
bubbles, they rise to the surface much faster than the majority. Consequently, 
bubble lines appear thicker and Jack sharp definition as the laser sheet is lo-
cated further downsteam and eventually obscure the flow visualization. It is 
not known why the large bl1bbles are generated. Although the reasons are not 
~ fully understood, large bubble generation was almost totally overcome when the 
freestream velocity of the channel was increased to a maximum speed of 0.3 
m/sec and the probe was connected only when actually recording data. The 
primary effect of increasing the velocity is to increase the momentum of the 
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large bubbles in the streamwise direction, which keeps them from rising as far 
toward the surface as they travel over the wings. The increased water velocity 
also gives increased cooling to the wires so they are less likely to heat up. 
2.2 Experimental Apparatus 
Th~· ·segmented oscillating wings were only the end result of a complex 
drive and control mechanism involving many mechanical and electrical com-
ponents. The wings and all mechanical parts were assembled in one large single 
rig unit which was lowered into the test channel and suspended from two 
aluminum I-beams spanning the channel cross-section from above (see Figures 6 
and 7). The channel is 3 ft. wide by 2 ft. deep. Consequently, wall inter-
ference effects were prevented due to the relatively small scale of the wings, as 
described below. 
2.2.1 Wing Assembly and Manufacture 
The oscillating wings were originally made from a 1/8 inch brass plate 
which w~s later replaced by 3/16 in. plexig]ass. As· shown in figure 1, two 
wing segments form a simple delta wing with overall dimensions of 9.0 in {22.9 
cm) at the base with a major chord length of 5 1/ 4 in (13.3 cm). The two 
wing segments oscillate freely and independently of one another. Each wing seg-
ment has the same 5 1/4 in. (13.3 cm) major chord length but a 4 1/2 in. 
{11.4 cm) base length. The leading edge of each wing segment is machined to 
a knife edge with a 10 degree chamfer which has been blended into a smooth 
contour to ~yoid disturbing the flow. 
& 
., 
Each wing segment is connected to a trapezoidal-shaped mounting plate 
with four #2-56 flat head machine screws. The mounting plates are 1/16 in. 
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(1.58 mm) thick. To keep the upper and lower surfaces of each wing segment 
assembly flat and smooth (to avoid possible interference of the fluid flow over 
the wings' surfaces), 1/16 in. of material is removed from each wing segment in 
' ! 
the region that comes in contact with the mounting plate and the fastening 
screws are countersunk flush with the upper surface. To avoid interference be-
tween the two wing segments when oscillating, the wings are machined to a 1/8 
in. (3.18 mm) radius along the adjacent edges of the two segments that meet. 
To further strengthen the connection of each wing to its respective mounting 
plate, the outside edges of the wings are machined to form a 45 degree dove-tail 
connection ( see figures 8 and 9 ) . 
The wing mounting plates are welded to the free-moving brass rod and 
tube that are used to drive the oscillation of the two wings. The brass rod 
and tu be are positioned so that the inner rod extends 1 1 /2 in. ( 3. 8 cm) 
beyond the outer tube. The left edge of the right-hand mounting plate is 
mounted lengthwise to the inner solid (.250 I.D.) brass rod by braising it to the 
1 1/2 in. (3.8 cm) extension of the inner tube on both the upper and lower sur-
faces. Note that the right-hand mounting plate is attached to the inner brass 
tube over only half the 3 in. (7.62 cm) chord length of the mounting plate. 
The remaining 1 1/2 in. (3.8 cm) of chord length moves freely over the surface 
of the outer hollow (.312 O.D. by .254 I.D. (.792 cm by .645 cm)) brass tube 
due to a .020 in. (.051 cm) gap between the outer surface of the outer tube 
and the left edge of the mounting plate. The left-hand mounting plate is 
brazed along the rear half of its right edge to the outer brass tube. Free 
movement between the left-hand mounting plate and the inner brass tube is also 
ensured. Great care was taken in brazing the mounting plates to the brass 
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tubes to ensure that the plates are flat, parallel, and true. 
Also note that, looking at the endview in figure 9, the mounting plates 
and half-wings are attached entirely on the upper side of the tube's centerline. 
This is done to permit simultaneous rotation of the left-hand wing 90 degrees 
counterclockwise and the right-hand wing 90 degrees clockwise. In this position 
the two wings are in contact along their respective lower surfaces. From this 
postion, the gap between the two wing segments may be rapidly opened and 
closed to study the "clap and fling" mechanism of insect flight (Weis-Fogh, 
1973). 
The wings are mounted to the concentric brass shafts as just described for 
several reasons: this method provides for the simplest and most accurately con-
trolled drive mechanism; by attaching only to the rear of the wings along their 
axis of rotation, interference with the flow over the wings is minimized; and it 
allows for independent control of each wing with respect to amplitude, fre-
quency, and phase relationship between wings. Also, in the event that one 
would wish to study new wings with different shape and dimensions, one needs 
to concern himself only with manufacture of new wings which are interchange-
able with the existing wing mounting plates. Then the existing wings can be 
unscrewed and the new wings can be installed. 
2.2.2 Mechanical Drive Mechanism 
As previously mentioned, the wings are supported and driven by an ar-
rangement similar to the one used to turn the hands on most clocks: 
• power 1s 
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transmitted to the wings through two concentric brass shafts to which the wings 
are attached. However, unlike the complex gear trains found in watches, a 
simple gear-sprocket and roller chain mechanism (see Figure 10) turns the con-
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centric brass tubes, hence flapping the wings, with incredible precision and 
speed. 
The drive mechanism is also very similar to the power transmission 
mechanism found on a bicycle. A gear-sprocket is mounted below the saddle 
and two foot pedals are attached to the sprocket. A roller chain is hung be-
tween this front sprocket and another gear-sprocket mounted on the rear wheel's 
axle. The bicyclist turns the front sprocket by pushing with his feet on the 
two pedals. The chain is forced to move in the same direction as the front 
sprocket and due to the connection between the chain and the rear sprocket, it 
is forced to rotate and so is the rear wheel. Clockwise rotation of the front 
sprocket causes rotation of the rear sprocket in the same direction. 
Imagine that instead of having a bicycle wheel attached to the rear 
sprocket's axle, the left hand wing is welded to this axle in the same fashion as 
described in the section on wings. Also imagine that two bicycles are placed 
side-by-side and the rear axle of the second bicycle extends out and passes 
through the hollow rear axle of the first bike and that the right wing is brazed 
to this axle. Therefore, to move the two wings, the two rear axle shafts and 
sprockets must be rotated. 'fhis may be accomplished by rotating the two 
front sprockets. Imagine that two electric motors provide this. 
There are many mechanical ways to create sinusoidal oscillation: scotch 
yoke mechanism, cam and follower, etc., but all involve complex linkages, and 
once a linkage is designed for a given frequency and amplitude of oscillation, 
these parameters may not be easily varied. By using electric motors and con-
trolling their motion, sinusoi1dal motion may be produced and transmitted to the 
wings · via the· sprocket-chain system previously described while eliminating 
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linkages entirely. The drive mechanism actually used is very similar to the 
... 
bicycle-analogous system just described. 
The actual drive mechanism begins with two electric variable speed step-
ping motors, one to drive each wing segment. A Zenith personal computer con-
trols the motors to produce a sinusoidal rotation of the motor shaft. Stepping 
motors were chosen because they can be very accurately controlled without 
using a feedback network. (The shaft of a stepping motor turns in small incre-
ments called "steps". Speed is controlled by controlling the rate of rotation of 
the shaft through each step.) If a sinusoidal motion is desired, a sine wave is 
transmitted to the motor controller and the resulting motion of the shaft is as 
close to a sinusoidal motion as the small step increments will allow. The 
motors used in this study had 2.00 steps per one revolution (1.8 degrees of shaft 
rotation per step) which gives a fairly smooth motion at high speeds but an in-
terrupted motion at low and moderate speeds. 
To smoothen out the motion for this experiment, which is very critical, 
since even the smallest jerk in the motion of the wings can cause a potential 
flow instability to break down prematurely, a 3:1 gear ratio was employed be-
tween the sprockets on each brass tube and the sprockets on the motor shafts. 
Further, a gear box with a 5:1 g(·ar ratio was attached to the motor output. 
This overall 15:1 reduction converted the 1.8 degrees of motor shaft revolution 
per step to only 0.12 degrees of wing rotation per step. 
The disadvantage of adding a gear reduction to the motor is that the 
stepping motors reach their maxi1num speed at a wing oscillation frequency of 1 
Hz. To drive the wings faster than 1 Hz, the gearboxes must be removed from 
the assembly. But the gearboxes were designed with interchangeability in mind, 
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so removing them does not involve any adjustments. (See Figure 11 for draw-
ings of the gear box.) 
Miniature steel rollerchains and sprockets are used to transmit the motion 
of the motors above the channel to the concentric brass rod and tube in line 
with the wings in .. the channel. As mentioned earlier, a 3:1 gear reduction is 
employed between the sprockets on the motor shafts and the sprockets on the 
brass rod and tube. 
To hold the wings, brass rod and tube, and sprockets in place in the 
channel, a long, slender, cantilevered plexiglass tube structure. (1 1/2 in. O.D. 
and I in. I.D. (3.8 cm by 2.5 cm)) extends down vertically from a large 1/2 
in. (1.3 cm) thick aluminum plate mounted above the channel. The tube struc-
ture is mounted to the underside of the plate and protrudes down into the test 
section to the level of the wings, about mid-channel. The stepping motors are 
held by two right-angle brackets mounted to the upper surface of the plate. 
The roller chains travel down through a hole cut in the plate and through the 
plexiglass tube to the sprockets on the brass rod and tube, which are held in 
place inside a smaller hollow cy Jindrical "boot" of plexiglass about six inches 
long and two inches O.D. The boot is glued to a short segrnent of plexiglass 
tube (2 in. O.D. and I 1/2 in. I.D. (5 cm by 3.8 cm)) which slips over and is 
fastened to the long 1 1/2 in. (3.8 cm) plexiglass tube extending down from the 
aluminum plate. The brass rod and tube are twenty-one and eighteen inches 
long, respectively. The chain sprockets are mounted to one end of the brass 
shafts, and the wings are brazed to the other ends, as previously described. 
The brass shafts extend fifteen inches out of the upstream end of-- the 
plexiglass boot through a hole on the upstream end piece. Ny Jon journal bear-
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ings are mounted inside the boot to hold the shafts securely and still permit 
free rotation. Immediately behind the first journal bearing is a sprocket ( 1 in. 
The brrs rod 
tends out two inches beyond this point and passes through a spacer (1/2 in. 
diameter (2.5 cm)) mounted to the end of the brass tube. ex-
(1.3 cm) long), another 1 in. (2.54 cm) diameter sprocket mounted to the rod, 
and finally another journal bearing seated in the downstream end of the boot. 
Note that each shaft is secured radially by bearings on both sides of the 
sprocket mounted to the respective shaft, the idea being that since only a 0.004 
in. (0.0102 cm) gap exists between the interfacing smooth surfaces of the con-
centric shafts, they act like a bearing and support each other in the region of 
the spacer, between the two bearings. To prevent slippage of the sprockets on 
the shafts, four ny Ion set screws are used with each sprocket and small flat 
spots are filed on the shaft surfaces to give the set screws a good seat. By 
using four set screws on the hollow shaft, in tw"° opposing pairs, deformation of 
this shaft is prevented. 
To prevent deflection of the wings and shafts, which are cantilevered out 
fifteen inches from the front end of the boot, two additional stationary con-
centric brass tubes, (.316 in. I.D. by .375 in. O.D. and .379 in. I.D. by .500 in. 
O.D.) are glued inside the hole in the upstream end of the boot and extend out 
about two-thirds of the distance to the wings. The two rotating brass shafts 
slip inside of the fixed brass tubes, which help to stiffen the cantilevered sys-
tem. They are set back from the trailing edge of the wings to prevent flow in-
terference. Note the closely toleranccd gap of .004 inches between the outer 
rotating tube and the inner fixed tube will prevent deflection of the shafts but 
still permit free rotation, especially since water fills this gap to add lubrication. 
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Finally, the plexiglass boot and tubes are streamlined to prevent flow in-
terference. Experiments have shown that the wings, although held by a can-
tilevered support of a total length of thirty-five inches, endure no noticeable 
, 
deflection, even when oscillatin~_ at a high frequency of 1 Hz. This is a tribute 
to the stiffness of the support structure. 
2.3 Control Network 
A Zenith personal computer controls the motion of the stepping motors 
which oscillate the wings. A program was written in Turbopascal code specifi-
cally for this . purpose. The program is very user friendly; stated very simply, 
the algorithm is as follows. 
Upon execution of the program, the user is asked to input the amplitude 
and period of oscillation desired. The computer then uses these parameters, a 
clock built into the computer, and the known speed reduction parameters o.f the 
sprocket-chain mechanism to create a table for one cycle of wing oscillation. 
The computer begins the table by calculating numerical values of a sine fu·nction 
with the input frequency and amplitude showing angle of rotation of the motor 
shaft at very small time increments of seconds. It then calculates the total 
number of steps of required travel of each motor shaft for every time increment 
(knowing that there are 0.12 degrees of wing rotation per step), and the in-
cremental number of steps to be traveled in each time increment. The table 
accounts for each wing separately, making it possible to drive each wing with 
different frequency or phase or even to replace the sine function with some 
other function if a motion, either periodic or nonperiodic, other than sinusoidal 
oscillation is desired. The only requirement is that the function must be 
capable of expression as a series of mathematical statements and conditions. 
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When the computer executes the table it created, its clock runs in real 
time and, using the values in the table, the computer sends out small electrical 
signals indicating the number of steps and direction of rotation of each motor 
shaft to be traveled in each real time increment. The computer runs through 
the table again for subsequent cycles of oscillation and continues repeating until • 
the user stops execution of the program. 
The electrical signals (pulses) are transmitted from the computer at each 
time increment directly through a custom-designed control circuit to the motors. 
The control circuit box interfaces the computer output, the electrical leads to 
each motor, and a 25 Volt and 10 Amp D.C. power supply which provides the 
power required to operate the motors. The computer software and all electrical 
hardware were designed and built by the Institute of Robotics at Lehigh Univer-
sity. 
Similar to the digital control system created for the oscillating wings, step-
ping motors (or D.C. servo motors also, with a slightly more complex interface 
board) may be used to move the large table under the channel on which the 
laser scanning mirror rests. By moving the table at a speed which is an order 
of magnitude greater than the freestream flow speed, a picture, which may be 
considered instantaneous, of the entire 3-D flowfield may be recorded. By 
moving the laser to coincide with the leading frontier of a pulsed bubble grid, 
other features, such as strcan1wise velocity variation may be observed. Even 
the bu~ble pulsing may be adapted to computer control to permit synchroniza-
' 
tion of bubble pulses with the moving laser sheet or moving wings or both (see 
Figure 12). 
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Chapter 3 
Flow Visualization Data and Results 
Raw flow data in this experiment is visualization data which takes the 
form of high-speed video movies (120 frames/second). One may review the ac-
tual experiment by reviewing the movies, which are categorized by scene number 
and frame number within a scene. Each scene number corresponds to one con-
dition of frequency, amplitude, phase, instantaneous wing postion, and chord 
location. Playback is possible in the real-time, slow motion (variable speed 
down to one frame per second), and still-frame modes. Hard copies ( still 
photos) are obtained by photographing images off the screen using a 35mm 
camera and having prints or slides produced. Selected images may also be 
digitized using a Gould image processor linked to the Computer Aided Design 
system. 
Typical hard copies are made in one of the three following forms: ( 1) as 
a series of photos showing a portion of the wing oscillation cycle at a given fre-
quency, a1nplitude, and chord location at various times; (2) as a series of photos 
showing a given frequency, amplitude, and wing postion at various chord loca-
tions; and (3) as pairs of photos, each pair showing the same frequency and 
amplitude, with the first taken at a given chord location and time in the cycle 
and the second photo taken at an incremental chord distance and cycle time. 
The last type is used to obtain quantitative velocity information by attempting 
to track pathlines in the flow. This topic is covered in detail in a subsequent 
section. 
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Chapter 4 
Quantitative Results and Discussion 
4.1 Quantitative· Measurement From Flow Visualization Data 
The acquisition of quantitative information in the form of velocity distribu-
tions and vorticity distributions from flow visualization data is one of the most 
difficult hurdles in experimental fluid mechanics to overcome. Qualitative 
visualization information certainly provides great insight into streakline/pathline 
patterns overall, which many times are the key to understanding the flow 
mechanisms at hand. But before comparison between flow cases may be made, 
quantitative information must be provided. In this study, an attempt is made 
to directly translate flow visualization images of the three-dimensional time-
dependent flow structure into quantitative characteristics unique to each case 
studied. 
Once the end-view images of the bubble deflection contours have been 
recorded for all z increments along the wing, one may begin to calculate the 
velocity distributions in the y-z and x directions (see Figure 13). The key con-
cept to rernember is that the two dimensional bubble contours recorded at each 
x location are streak surfaces, analogous to streaklines, intersected by a perpen-
dicular plane. That is, they represent the locus of all points in the flow which 
have passed through a fixed grid of lines in the upstream flow. Streaklines and 
streamlines are equivalent for steady flow, but very different for unsteady flow. 
IIence, measuring changes in the local deflections of the node points on the bub-
ble contours and dividing by the time increment over the deflection period does 
not, in general, lead to the local velocity distribution in unsteady flow. Great 
32 
... 
care must therefore be taken to insure that no misconceived results are ob-
tained. 
To calculate local velocity distributions, one must have streamline or path-
line information on the movement of individual fluid particles, e.g. node points 
on the bubble marker grid. Over short time intervals, it is possible to very 
closely approximate the pathline behavior of each node point if the flow is con-
sidered quasi-periodic. Suppose that xi and xi+ 1 are two streamwise locations 
where the laser sheet was located and time-dependent bubble contour deflections 
were recorded using the high-speed video system (see Figure 14). 
Take 
x. I - x. !l.x. i+ i i 
c == c == 0.1 (one-tenth chord). By knowing the streamwise 
velocity, u, accurately and assuming that it is constant as a function of y and z 
!l.x. 
i 
outside the core region, one may calculate the time interval flti == u . Over the 
small time interval ~t., it is now possible to find the local pathline behavior of I 
the bubble grid. To close approximation, the same bubbles that pass through 
plane xi at time ti will pass through plane xi+l at a time ~ti later. The time 
interval ~ti is given as a number of frames, since the video is known tq record 
at 120 frames per second. 
The local velocity distribution in the y-z plane may therefore be calculated 
by measuring the incremental movement of each node from the hard copies (still 
photos) of the bubble grid at the appropriate x locations and times, and divid-
ing this node deflection distribution by ~ti. 
It is important to recognize the limitations, from the onset, of the velocity 
measurement techniques just described. First, because the wings in this experi-
ment are oscillating, they will have moved through an incremental angular dis-
placement t!.{3. over the ~t. taken to calculate velocities. At higher wing speeds, l l 
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fl/Ji is sizeable. The velocities calculated are average velocities over the time in-
terval Llt., the space interval llx., and the angular interval ll/3. . Reducing llx. 
I I I l 
helps to reduce Llti and fl/3i, but if xi and xi+l are not far enough apart, the 
grid deflections will not be as great and extra uncertainty will result. In many 
cases, lack of bubble line clarity~ or local turbulence prohibit definition of in-
dividual nodes. Also, the inaccuracies in measuring the location of each node, 
combined with inaccuracies in the scale factors relating the units on each still 
photo to the true flow units limit accuracy of velocity calculations. 
When choosing the intervals ~xi' a tradeoff exists between most accurately 
calculating the instantaneous velocities at a given xi locations and limiting ex-
perimental uncertainty. Choosing shorter ~x. increments provides a more ac-
• 
curate instantaneous, as opposed to average, velocity distribution. But • in-
dividual node deflections are reduced. in magnitude as ~xi is reduced, increasing 
the relative uncertainty of the velocities calculated. On the other hand, larger 
node deflections are observed as ~xi ( and therefore fl ti) increases, so the relative 
uncertainty is reduced. As a consequence, however, the resulting velocity dis-
tribution is more of an average distribution over ~ tr 
As the method for acquiring quantitative velocity measurement stands, 
computing velocities is difficult and time consuming. Innovations in image 
processing technology will permit the hard copy reproductions of the bubble con-
tours to be digitized (512 by 512 pixels) so the images can be processed: lines 
may be thinned, extraneous bubbles obscuring the image can be removed, and 
node positions can be measured using the digital program to a greater degree of 
accuracy than measurement by hand permits. Automation of this time-
consuming task will allow many more velocity distributions to be calculated. 
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4.2 Calculation of Instantaneous Circulation 
For the complicated flow structure of the present study, it is not possible 
to calculate detailed velocity distributions in all "regions of the flow. Turbulence 
in the flow and shadows from wing interference with the laser light plar1e make 
too many node points indistinguishable. The more practical and simplified cal-
culation of circulation in the y-z plane at various x locations, which involves far 
fewer node points, is more appropriate as a first at tempt at quantitative 
analysis. 
Circulation r is defined as the sum of all vorticity in a given region A, 
where C is a closed contour surrounding A: 
(4.1) 
From Green's Theorem, a line integral can be defined: 
r == ef> V ds 
C 
(4.2) 
For our purposes, it is more convenient to concentrate on the line integral 
formulation, because it involves two readily measurable quantities: velocity and 
distance around an appropriately chosen closed contour in the flow. 
Basically, the approach is as follows. First, the y-z deflections of each 
grid node point between two streamwise locations, xi and xi+I' must be 
measured so local velocities may be calculated according to the elapsed time in-
ll.x. 
' terv al l:lt. == : 
i V 
00 
ll. y ll.z 
v == - and w == -. · Next, the closed contour, along which the 
ll.t L\t 
line integral is taken, must be defined and the incremental distance, ds., values J 
along the path calculated. The final goal is to numerically calculate the line in-
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tegral by summing up V.ds. for all node points j along the contour. J J . 
Because the bubble grid is deformed from its originally square shape, some 
nodes along C are spaced further apart than others. It would be incorrect to 
take the magnitude of ~11 dsj values as equal. To account for the variation in 
ds. length, an averaging process is used. 
J 
After averaging the position, r., of each node over the two time instants 
. J 
involved, the length increment ds. at node j is defined to begin halfway between J 
the averaged coordinates of nodes j-1 and j and to end halfway between 
averaged nodes j and j+ 1. Stated mathematically, 
(4.3) 
Simplifying, 
(4 .. 4) 
ds. == - r. + r. - r. ·- r. 1 [ ] 
· 1 4 1-1,t 1-l,t+l 1+l,t J+l,t+l 
Once all ds. have been calculated, the scalar product between ds. and 
J J 
velocity V. acting on the average length ds. may be calculat-ed for all nodes j. 
J J 
and summed to obtain circulation. 
Regarding the path chosen for the contour integral, a judicious choice can 
be very advantageous. With the interest of simplicity in mind, calculating cir-
culation along a closed streamline is by far the least cumbersome. A streamline 
is defined to be the contour along which all local velocities are tangent. A 
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streamline may be found, or very closely approximated, by following a path 
from node j-1 to node j along the line of action of velocity V. and so on. For J 
the present study, choosing a streamline directly around the exterior of the vor-
tex would give the most accurate estimate of vortex scale based· upon circula-
tion. 
Another observation of the velocity distribution which will reduce the mag-
nitude of the required calculation is the identification of irrotational and zero 
velocity regions. The advantage of passing as large a segment of the integra-
tion contour through a zero-velocity region is obvious: the incremental circula-
tion is zero in the region. After identifying an irrotational region, i.e. a region 
av aw 
where - - - == 0 one can avoid directing the integration contour through it,f 
az ay ' 
preventing a false contribution to the circulation. The accuracy of the calcula-
tion can be improved by choosing a contour passing through the areas of max-
imum velocity because the relative uncertainty in velocity is lower in these 
regions. Recognition of a circuit passing along static or quasi-static boundaries 
is also helpful. Velocity is always zero at the wall (no-slip boundary), so any 
segments of t.he contour along boundaries will not contribute to circulation. 
Before proceeding to a sample circulation calculation, a few comments 
regarding the flow physics of oscillating rolling motion are necessary. For the 
case of two wing segments oscillating in close proxirnity to one another, similar 
to tl1e clap and fling mechanism, deflection of the bubble grid, indicating 
velocity, is caused by two effects: (1) fluid motion induced by the vorticity and 
rotation of the leading edge vortex produced, which is of interest here, and (2) 
fluid motion induced by the opening and closing of the wings. As noted in the 
foregoing, the measurement of (2) is avoided in this study because wing-induced 
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velocities do not indicate strength or scale of the leading edge vortices. Care in 
selecting a contour must be used to avoid calculating a physically insignificant 
circulation. 
The sample circulation calculation performed in Figure 19 for the wing os-
cillation of figures 17 and 18 has the following parameters: wing frequency 0.67 
Hz, x/C-==O. 7 - 0.8, wing oscillation amplitude ~-==45 + /- 30 degrees (included 
angle-see Figure 37) and instantaneous wing position )3==50 to 60 degrees. The 
vortex under consideration is on the interior of the oscillating wings. Referring 
to Figure 16, the first path which could be chosen is a rectangular box sur-
rounding one wing segment in the y-z plane with one side of the rectangle along 
the centerline of the wings, extending from -oo to oo, and tracing the perimeter 
of the wing segment to keep continuity from the region inside the wings to the 
region outside (see Figure 16). \ The other three legs are: two legs perpen-
dicular to the first, one at -oo, the other at oo, and a leg parallel to the first 
at oo. The effect of velocity perturbations, in the limiting case of distance from 
the wings reaching oo, can be taken as zero. The calculation is reduced to the 
initial ]eg, only from the wing apex outward until a zero-velocity condition is 
reached. Along the centerline, which is the line of symmetry between wings, 
velocity is unidirectional; conseqt1ently no sine or cosine factors become involved. 
Before performing the calculation, the physical significance of the contour 
chosen should be evaluated. From this, one recognizes that the wing-induced 
contribution to local velocity is greatest along the centerline between wings. 
This contour is probably the least favorable from the perspective of carefully ex-
cluding the misleading wing-induced contribution to circulation, which invalidates 
the relationship of circulation to vortex scale. The vortex-induced motion is of 
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interest in this study.. The wing-induced contribution is clearly evidenced from 
examination of velocity in the region circled. 
A similar argument is used to exclude contours 1 and 2 in Figure 18. 
Both involve a significant wing-induced contribution because they pass near the 
centerline between wings. Contours 3,4, and 5 appear not to be influenced by 
the wing-induced velocity and would be acceptable· choices based upon this 
criterion. All three are also taken along a combination of streamlines and zero-
velocity ~egions. A large segment of contours 3 and 5 -·appear to coincide. 
Contour 4 is somewhat closer to the center of the vortex, and does not contain 
' 
the major share of the vorticity-bearing fluid; a segment of this contour cuts 
through, rather than passing around, the perimeter of the vortical fluid. Its cir-
culation value may be low as a result. 
Contours 3 and 5 adequately surround the vortex core and meet the other 
criteria for selection. A very rudimentary calculation of circulation along both 
contours is presented in Figure 19. The only uncertainty which cannot be 
avoided is the issue of missing velocity values in the region through which the 
wing is moving and obstructing view. For lack of understanding of the fluid 
velocity there, it will be neglected for the present calculation. 
From Figure 19, integration along either contour 3 or contour 5 yields vir-
tutally the same magnitude of circulation. But this does not exclude uncer-
tainties in circulation which result from uncertainties in the measurement of 
velocity and displacement. A good way to improve accl1racy in the future is to 
increase the "resolution" of the bubble grid and numerical integration by sub-
dividing the deflected grid blocks at time ti and ti+ 1 into four smaller grid 
blocks (see Figure 13). By defining new nodes at the midpoint of each side of 
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the primary deflected block and another node in the center of the block, five 
ad8itional nodes can be created. The subdivided grid can maintain the accuracy 
of the original grid while significantly reducing the uncertainty in measuring ds .. 
J 
Further, the greatest obstacle to obtaining accurate measurements in the present 
example stems from the IIJ.iniscule size of the grid in the hard-copy photos used 
to measure node deformations; local velocity vectors shown in Figure 18 average 
0.5 cm in length and consequently carry a high degree of uncertainty. 
Automation of the calculation using digitized images and a computer aided 
design system can improve the accuracy and efficiency of the calculation. First, 
the digitized images could be processed to thin all lines to uniformly fine lines, 
then subdivide the grid, perhaps several times, and finally measure deflections 
and ds. values. The overall accuracy of this method would far surpass any a.t-
J 
tempt at manual calculation. 
Spedding and Maxworthy (1986) perform a similar calculation for the two-
dimensional clap and fling motion with no mean flow. A particle tracking 
visualization technique was used. A computer was used to automate the cal-
culation by calculating the full streamline pat tern for the flowfield. But their 
case is somewhat simplified compared to the present study. Most notably, 
mean flow does not exist in their case. They ar~ evaluating a two-dimensional 
case which is much less con1p1ex than the three-dimensional case presented in 
this study. The vortices generated in their case tended to move out away from 
the wings and become stationary, where no interference in viewing nodes near 
the wing surf ace had to be overcome. 
Interestingly, they chose not to evaluate circulation along the wing center-
line, presumably to avoid any wing-induced effects. They present a direct 
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relationship between circulation in their two-dimensional case and instantaneous 
lift generation which is possibly not applicable to this study. The physical sig-
nificance of local circulation in a three-dimensional flow must be investigated 
further (before any corresponde~ce to lift is established. 
4.3 Quantitative Streamwise Velocity Measurement 
Velocities in the x direction at a streamwise location x. may be calculated 
I 
from the "fill-in" sequence recorded at xi-I and xi+t by comparing the time until 
· fill-in of each bubble grid node with the time until fill-in of nodes known to be 
in the freestream, i.e. sufficiently far away from the wing prototype so as to be 
unaffected by wing motion. From knowledge of the distance travelled by the 
bubble grid from the platinum wire probe to the laser sheet positioned at xi-I 
and xi+ 1, the freestream velocity U 00 , and the measured time lag or lead of the 
arrival of each node relative to the freestream (measured first in video frames 
and converted to seconds knowing there are 120 frames per second), the com-
plete velocity profile ux(Y ,z) may be approximatetly calculated , in the following 
ways. 
If x0 is the small gap between the platinum wire grid and the wing apex, 
x. 1 ,-
then the bubbles travel over the distance x0+ c C to reach plane xi_ 1. The 
" 
time elapsed for the frcestream nodes to intersect the laser sheet xi-l is exactly 
t 
oo. 1 ,-
x. 1 ,--
XO+ C C 
u 
00 
Similarly, the tirne elapsed until the bubbles reach xi+t is 
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(4.6} t 
00i+ 1 
• u 
00 
Now at location x. 1, denote t. as the fill-in time lead or lag (positive if l· J· 1 l• 
lag) of each node j relative to the freestream. The same measurements at xi+l 
reveal lag times t. . 
Ji+l 
Then the local streamwise velocity at each node at x., I 
u. , is exactly calculated as 
Ji 
.zi+ 1 - .zi-1 
u . == • 
1i ti+l - ti-1 
(4.7) 
This value of u. is accurate to the extent that it represents an average 
Ji 
velocity of the node over the interval (xi-l' xi+ 1). To make it as accurate as 
possible, positions i-1 and i+ 1 should be taken as two successive streamwise 
laser locations where data is recorded, and x. would be the location midway be-1 
tween. But there is a tradeoff between accuracy and the length chosen for the 
streamwise interval in that a suffieiently large space interval must be allowed 
for a measureable difference to exist between times ti+ 1 and ti_ 1. 
The current disadv ant.age to this technique is the large volume of data to 
measure and reduce. The development of linked image processing and computer 
methods would overcome this obstacle to calculation. 
A more approximate, but less calculation-intensive, method for measuring 
u. at x. can be based solely on the comparison of nodes j with the freestream J. l 
l 
at a single laser location x.. Simply, l 
xi+ xO 
";.==t +t.' (4.8) 
i oo. 1· 
1 1 
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where positive t. is the fill-in lag time of node j at Xr The error in this 
Ji 
method is introduced by the omission of unsteady and three-dimensional changes 
in the trajectory of each node j. What is actually calculated are velocities 
based on the integrated history of each bubble node j as it traveled from the 
plat in um wtre grid to xi' which is a considerable distance for xi locations near 
" the trailing edge. Because of differing trajectories of two adjacent nodes over 
xi, one node could appear to be slower in reaching xi' while actually having 
traveled along a spiral or curved path which is longer than the reasonably 
straight-line trajectory of the adjacent, but apparently faster, node. The 
velocity of the first node may actually be greater than for the second node be-
cause of the extra distance travelled. However, in the event that the laser 
sheet has a finite thickness and the bubble sheets have a sharp front, it is pos-
sible to overcome this difficulty and to treat the effective upstream and 
downstream edges as adjacent x stations and determine the velocity as 
previously discussed. 
A third method to quantitatively measure the streamwise velocity distribu-
tion is to pulse the entire pattern of grid lines and measure the time needed for 
these bubble markers to move through a stationary laser sheet of defined thick-
ness at x .. 
I 
Two example circulation calculations, using the abbreviated method, are 
presented in Figure 21 and the associated flow visualization data in Figures 34 
and 35, respectively. 
For both cases, the streamwise flow of fluid well within the fling region, 
near the axis of wing rotation, is slightly faster (1 % and 7%, respectively) than 
the freestream, and the region extending outward in an arc from the leading 
43 
edges has a slightly slower velocity (7% and 3%, respectively) than the 
freestream. Within the vortex cores, flow is substantially retarded (as much as 
16%), suggesting that the vortex is most likely broken down at this location, 
because one expects breakdown of the vortex to produce very low, or negative, 
axial veloctiy. 
A 5% to 10% variation in streamwise velocity is found outside the vortex 
core, indicating that it is close to uniform; over small ~x. increments, the as-
• 
sumption of uniform streamwise velocity in these regions will therefore lead to a 
measureable estimate of the velocity. Also, the actual streamwise velocity dis-
tribution at a given x location is less varied than the calculation presented here 
indicates, because, as noted above, the velocities measured here are based on the 
integrated history of fluid particles which have already flown over most of the 
wing and whose trajectories are certainly not straight and one dimensional. The 
variations indicated in Figure 20 represent the total variation of fluid particles 
from x/C=O to the x/C locations of Figures 34 and 35. The particles were in-
itially in the same cross-stream plane ahead of the wings and have become 
varied as they travelled over the wings. 
One interesting phenomenon of the streamwise velocity variation within the 
core in Figure 34 is the distinct two-part composition of the vortex core. The 
first part of the core fills in at the same instant as the freestream, shown in 
the second photo. But the remainder of the vortex core is substantially 
delayed, not appearing until the last photo, 0.201 seconds later. This may be 
an indication that the vortex core at high speeds, which appears as one unified 
swirling flow in visualization, may actually be comprised of two distinct vortex 
sub-cores. Further exploration would prove useful. 
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4.4 Uncertainty 
The assumptions taken in·. the quantitative velocity and circulation calcula-
tions are numerous. First, streamwise uniformity of velocity is assumed to per-
mit calculation of the node deflections over the time interval ~tr This may be 
shown correct by observing that the leading-edge front of bubbles from a sud-
denly powered-up probe intersects a stationary laser light plane and "fills-in" 
over a duration of approximately 20 frames or 1/6 second. 
Second, drift of the bubbles from station i to station i + 1 may not be en-
tirely due to local velocity. If the bubbles are passing through a highly swirling 
flow, centrifugal forces may push the bubbles into an artificially wide radius of 
rotation. However, Magness (1987) shows that this uncertainty is of the order 
of a few percent for the parameters of interest in this study. Possible scale fac-
tor uncertainty introduced by the camera lens between the images recorded at 
successive x locations also was not accounted for, although the video image does 
become slightly larger as one moves downstream, nearer the camera. Movement 
of the "absolute" reference mark used to align the images at xi and xi+I for the 
calculation in sections 5.1 and 5.2 was also not accounted for. 
Another uncertainty in evaluating circulation close to the wing surface, as 
in section 5.2, is introduced by the movement of the wing through an incremen-
tal angle !1(3 as the bubble grid markers move from station xi to xi+ 1. Because 
the wings are opaque and a shadow occurs on the dorsal surface of the wings, a 
node which is visible, and may contribute to circulation, at x. n1ay become 
I 
obscured by the wing's shadow at xi+I' or vice-versa. Also,r1nodes immediately 
adjacent to the wing leading edge, which may contain valuable flow information, 
are blocked from view by the downstream portion of the wing, which extends 
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out beyond the location of the edge of the wing at station xi" Analysis of the 
foregoing uncertainties in quantitative measurement are presented in Lusseyran 
and Rockwell (1986) and Magness (1987) . 
• 
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Chapter 5 
Interpretation of Flow Visualization 
Flow visualization data is presented in the appendix. Parameters varied in 
the study are frequency of oscillation, f, the minimum and maximum included 
angles between wings, /3 . and /3 , respectively, angle of attack, a, and phase min max 
shift between wing oscillation cycl~~- A dimensionless parameter used to charac-
terize experimental conditions is reduced frequency, 
1r/C 
k==u , (5.1) 
00 
where C is the root chord of the wing and U 00 is the freestream velocity. 
5.1 Vortex Formation on an Oscillating Delta Wing Segment 
If the split delta wing is "flown" so that the wings are initially in the ex-
treme outstretched position, with 180 degrees between wings, and oscillated in 
phase about this mean position, strong vortices are generated on the upper sur-
faces of the wings during the downstroke, and on the lower surfaces of the 
wings during the upstroke. The size and strength of the vortices and the mag-
nitude of the reduced frequency of oscillation, k, increase monotonically. Vortex 
size and strength also increase for larger amplitudes of oscillation and for x/C 
values approaching 1.0. 
A peculiar phenomenon occurs during moderate and large amplitude wing 
oscillations at low reduced frequency (see Figure 28). When the wings have 
moved outward and approach the maximum angle, rather than having one single 
pronounced vortex being formed from roll-up of the shear ]ayer separation, mul-
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tiple smaller vortices, aligned in a row along the wing surface, appear. How 
the multiple vortices originate is not understood. A likely possibility is that 
they originate from a single upstream vortex and are a precursor to the break-
down of the single vortex into a turbulent wake. 
. 
When a stationary delta wing is oriented at a stationary angle of attack, 
a, leading edge vortices form on the upper (downstream) wing surface (see 
Figure 30). Evaluating circulation, r, around a loop enclosing· one wing seg-
ment in the y-z plane, one would find that increasing, constant values existed at 
each x/C location on the wing. For the case of a split delta wing oscillating 
while at a stationary angle of attack (Figure 31), the difference in flow struc-
ture during the upstroke and downstroke is dramatic. During the downstroke, 
the size and strength of the leading edge vortex, which would already be 
present even if no angle of attack existed, are greatly enhanced by motion-
.. 
induced shedding of vorticity from the leading edge. The vorticity rolls up to 
form a leading edge vortex to enhance the overall swirling flow. Compared to 
Figure 29, which is a similar rolling oscillation case at zero angle of attack, 
more than twice the reduced frequency, and half of the oscillation amplitude, 
the downstroke vortex in the angle of attack case appears stronger and larger, 
although it appears very turbulent. On the other hand, the photo series in 
Figure 32, corresponding to the upstroke, indicates that the wing motion almost 
completely attenuates the leading-edge vortex caused by the angle of attack; 
that is , pronounced leading edge vortices form neither on the upper, nor on the 
lower, wing surfaces. 
From a flow physics viewpoint, one surmises~ that the following process is 
occurring. 'fhe vortex core due to the angle of attack of the stationary wing 
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creates a low pressure region and swirling flow on the upper surface of the 
\ 
wing. The pure rolling oscillatory motion at zero angle of at tack creates effec-
tively the same characteristic flow structure on the upper surface. When c'om-
~bined, such as during the downstroke, the effects add together to produce a 
much stronger and larger vortex, which presumably causes a lift value above the 
lift in either case alone. During the upstroke, the two effects interfere with 
each other and almost cancel, since now the rolling motion is causing a low 
pressure region on the un~erside of the wing as well. Presumably, lift in this 
case is correspondingly much lower than either case alone. 
The case of a split delta wing oscillating about the fully outstretched posi-
tion is not only important because of its similarity to the flight of delta-winged 
aircraft, as suggested above, but because it is the limiting case of the oscillation 
discussed in section 5.2, the clap and fling motion. One of the key points con-
cerning_ the clap and fling is the influx of fluid, travelling in the cross-stream 
plane, into the gap which widens as the wings "fling" apart. The scale of the 
leading edge vortices is directly affected by the magnitude of the minimum 
angle between wings, f3 . • The case of interest here has a /3 . value of 180 
min min 
degrees, and no fluid influx is created by the wing oscillation. It is also a 
limiting case with regard to the effects of vortex confinement, which occurs for 
two strong vortex cores located very close to one another. The topics of vortex 
confinement and fluid influx during the fling will be covered in detail in section 
5.2. 
Note in Figure 29 that although the wing in the top photo is moving 
downward, a vortex core is present on the lower wing surface, with the new 
\ /(,,..-- - ...._ • I '·1 
leading edge vortex caused by the instantaneous downward motion not yet 
49 
/ 
formed on the upper surface. This time delay in the response of the fluid to 
changes in the wing motion is known as hysteresis. It is only observed at high 
reduced frequency and will be discussed in detail in the context of the clap and 
fling motion (section 5.2). 
5.2 Vortex· Generation by Harmonic Clap and Fling: Two Delta 
Wing Segments Oscillating in Antiphnse 
Leading edge vortices are formed in the clap and fling oscillation mode 
' similarly to the fully extended oscillation mode of section 5.1; a leading edge 
vortex forms on the upper wing surface during the downstroke and on the lower 
surface during the upstroke (Figures 33 to 39), barring any temporary hysteresis 
effects. 
The delayed response of leading edge vortex formation to changes in speed 
and direction of the sinusoidally oscillating wings is one of the most interesting 
phenomena observed. The response lag is noted in several ways, the first of 
which is hysteresis of vortex formation observed at extreme positions of the 
wing motion at higher speeds. In Figure 33, hysteresis occurs most notably as 
the wings reach the extreme position of the fling, /3 , and begin to clap max 
together. Vortex cores are present on both the inner and outer surfaces of the 
wings in the second photo in the second column. A dual vortex also appears in 
the second photo of the first column, where the wings have just passed the ,Bmin 
position and are initiating the fling. 
Hysteresis is also shown in Figure 23, where exterior ( solid li.ne) and inte-
rior ( dashed line) vortex· cores co-exist at the 20 degrees, increasing, and 40 
degrees, decreasing, instantaneous wing positions, for the 0.8 and 1.0 chord loca-
tions. But note that hysteresis was not observed for the identical oscillation 
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mode at one-half reduced frequency (Figure 24). 
- . 
The ability of leading edge vortices to respond to changing wing position 
is most clearly ~hown in Figures 23 and 24. In the low frequency (k== 1.07) 
case, the wings move slowly, allowing the vortex to gradually move inward, 
toward the axis of rotation~ as the angle /3 increases and continually more vor-
ticity is shed from the wings. The scale of the vortex (based on size and swirl 
strength) also increases during the majority of this period. It is important to 
note that the instantaneous wing speed (at the leading edge) occurs at the 
mean position of the sinusoidal cycle, which is ,8==30 degrees in Figures 23 and 
24. Circulation around one of the core vortices is expected to reach an instan-
taneous maximum near this maximum wing speed position. The continued in-
crease in vortex scale and inward movement of the vortex beyond ,B , as the ave 
wings are actually slowing down, is probably due to a residual vortex which has 
not yet been convected downstream, off the wing, which is related to the phase 
lag of the fluid structure to the wing cycle. 
For a high frequency (k==2.15), the vortex position on the wing is constant 
at each x/C location, presumably because the wings are oscillating at such a 
rapid pace that the fluid-damped behavior of the vortices can not respond 
quickly enough; the wing changes direction, attenuating the interior vortex and 
farming an exterior vortex, before the interior vortex could respond by moving 
inward. A similar behavior is observed in Figure 33, where reduced frequency is 
three times the frequency of the low speed case ( see Figure 24) considered 
above. Whether the hysteresis effect gradually develops as k increases, or sud-
denly appears above some threshhold value of k, is not certain. 
Another facet of fluid- field delayed response to wing motion is evident in 
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Figures 25 to 27. Near the apex of the wing, the leading edge vortex remains 
centered almost on the leading edge, but at downstream locations approaching 
the trailing edge, the vortex tends to be centered on the wing surface, slightly 
inward from the leading edge, where flow separation occurs. The general trend 
indicated in Figures 25 to 27 is that the degree to which the vortex remains 
z 
V 
near the leading edge, measured by 5 , increases for higher reduced freque
ncy 
and for smaller minimum angle of oscillation, /3 . . This is another indication ~ min 
that at lower speeds, the separation vortex responds to the wing motion, 
whereas at high speeds, it does not have this opportunity. 
The effect of /3 . on vortex position is not as clear. It may be an in-min 
dication of the vortex confinement phenomenon, where two vortices located very 
close to one another mutually affect the behavior of their mate. At small /3 . , min 
• 
the combined vortex pair may be so confined in the small wedge-shaped volume 
between wings that movement toward the interior is not possible. 
The underlying physical relationship between vortex and wing is well-
represented by reduced frequency, k, which indicates the relative magnitude of 
the oscillation frequency to the freestream velocity ( since chord C is constant}. 
Stated differently, it shows how quickly leading edge vortices are being formed 
1 
relative to how quickly the mean fluid flow is convecting vorticity downstream, 
off of the wing. But k cannot account for the varying shape of the wing in the 
x direction, which is responsible for the increasing vortex scale in the x direc-
tion. From a reference frame attached to the leading edge of the wing at some 
x/C location, the speed at which fluid is flowing past, and separating from, the 
leading edge varies linearly with x from v==O at the apex to v==fS at the trail-
ing edge, where S is wing semi-span at the trailing edge. 
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To better account for this local shedding velocity, which directly influences 
the magnitude of the local cross-section of the vortex core, another dimensionless • 
parameter should be incorporated into the analysis. One logical choice for this 
• 
new parameter 1s 
(5.2) 
The product ()s is the local radius of rotation of the leading edge at the 
given cross-section x/C. In this way, the cross-section of a leading edge vortex 
at given f1, u 1, and x1/C == 0.5 should be similar to the 
cross-section of a vor-
tex at x2/C == 1.0 if f2 == 0.5f1 or U2 == 2U 1, provided /3 is the same at 
1 and 
2. Limited analysis of the data presented in this study confirms the proposed 
effect of p. Figure 39, which shows vortex core cross-sections at same /3 and U 
for a variety of x/C locations and two frequencies f1 and f2 {f1 == 2f2), the scale 
of the high speed vortex at x/C==0.4 is nearly equivalent to the scale of the low 
\ 
speed vortex at x/C==0.8 and the scale of the high speed vortex at x/C=~0.6 is 
slightly greater than the 0.95 cross-section of the low-speed vortex. 
If one considers the wedge-shaped volume outlined by the interior surfaces < 
of the wing during the near clap and fling, cross-stream planes at two adjacent 
streamwise locations, xi and xi+ 1, and a plane containing both leading edges, it 
is possible to perform a control-volume analysis on this volume to describe some 
of the features relating the formation of vortices and convection of fluid through 
the volume. 
Figure 36 shows one cycle of oscillation of a near clap and fling motion 
-
(,Bmin == 15 degrees) at a location near the trailing edge (x/C==0.8). (Note that 
the camera is angled slightly to avoid reflection on the interior surface ofr the '\._ 
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lower wing; consequently, the mirror image of the vortex on the
 interior of the 
lower wing is not visible on the upper wing.) During the closing phase, 
pronounced vortices are observed on the outside of the wing. Du
ring the open-
I 
ing phase of the oscillation cycle, fluid rushes inward toward t
he axis of the 
wing segments. Note how the horizontal bubble lines in the cente
r of the photo 
are sharply curved and intersect, nearly perpendicularly, the wing
 surfaces, leav-
ing a diamond-shaped void of bubble markers. Simultaneously, v
ortices form on 
the interior surface of the wing. 
A central question is where the fluid, which fills the region bet
ween the 
opening wings, originates. Because a similar process occurs at 
upstream chord 
locations, this bubble-vacant region, which has a diamond-shaped 
cross-section, is 
actually a tetrahedral volume originating at the apex and placing
 itself between 
the wing surfaces as it moves downstream. If one considers each
 square in the 
bubble grid as a stream tube of the flow, then the local changes 
in the area of 
., 
each square should indicate the relative velocity of the fluid i
n each square, 
with a decrease in area showing increased velocity and visa-vers
a. From this 
perspective, the absence of any bubbles in the diamond-shaped region m
ay be an 
indication that the velocity in the region is near zero, suggestin
g that locally, 
flow is stagnated in the region. This phenomenon is only obser
ved for a very 
short segment of the wing oscillation cycle, and only for relativel
y high reduced 
frequencies. 
The volume influx and outflux through surface l (see Figure 22) can be 
calcu]ated from knowledge of the local velocity profi]es at xi and xi+i · The 
in-
flow, during the fling phase, must be ejected somewhere, probably through sur-
face xi+i · 
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5.3 Vortex Generation By Harmonic Clap and Fling: An Oscil-
lating Delta Wing Segment Adjacent to a Stationary Wing 
Segment 
The third distinct mode of oscillation investigated has one wing oscillating 
in close proximity to the other wing, which is fixed (Figures 40 to 46). As for 
previous modes discussed, large leading edge vortices are produced on the oscil-
lating wing. Time-dependent circulation, inflow into the expanding volume be-
tween flinging wings, and phase lags may be compared to the other cases . 
• 
When the moving wing reaches the upper extreme of its stroke and claps 
together with the stationary wing, The large leading edge vortex, which is in-
itially on the external surface of the moving wing, "spills over" and surrounds 
the leading edges of the clapped-together wings (Figures 41 to 44). More of the 
vorticity remains attached to the moving wing, however. A non-zero circulation 
.-, 
' 
exists around the entire vortex and around both wings, indicating that a net lift 
force acts on the wings in the clapped-together position . 
• 
) 
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Chapter 6 
Su_mmary and Conclusions 
This study has focussed on the flow structure and vortex interaction 
generated by a delta wing in \rolling oscillation. In ore.er to obtain qualitative 
and quantitative information on the complex three-dimensional unsteady flow-
field, a multiple-crossed-plane hydrogen bubble visualization technique was 
developed concurrently with this study, in conjunction with Magness ( 1987) and 
Klink (1987). Although the work was exploratory in nature, several fundamen-
tal properties of vortex-wing interaction have been revealed. 
'- (1) When wings oscillate in the. rolling mode, net lift force results, even 
though the wings are positioned at zero angle of attack. Instantaneous 
oppositely-sensed lift forces are generated on the upstroke and the downstroke. 
(2) Leading-edge vortices form during the oscillation; their scale and cir-
culation increase with increasing reduced frequency and decreasing minimum 
angle bet ween wings. 
(3) The radial position of the leading-edge vortex core on the wing surface 
at zero angle of attack remains constant during the oscillation cycle for large 
reduced frequencies of oscillation, but varies at low reduced frequencies. Also, 
for large reduced frequencies, a hysteresis-associated time lag in vortex core for-
mation occurs. The lower threshhold value of reduced frequency which initiates 
hysteresis was not found. 
( 4)Through use of a multiple-crossed-plane hydrogen bubble visualization 
technique and a laser scanning illumination system, it is possible to record the 
instantaneous cross-streamwise deflection pattern of the bubble marker grid at 
any streamwise location. By measuring changes in the deflections of the 
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marker-grid node points at successive streamwise locations and two time instants 
(phase-locked to instantaneous wing position), instantaneous quantitative velocity 
distributions of the three-dimensional unsteady flowfield in the cross-streamwise 
(y-z) plane can be calculated. 
(5)By pulsing the bubble generation and carefully analyzing the fill-in 
times of each node at successive locations, quantitative streamwise (x) velocity 
distributions can be calculated. 
>-----
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Chapter 7 
Recommendations for Future Study 
The potential applications of the oscillating delta wing apparatus and the 
multiple-plane hydrogen bubble visualization technique have only begun to be 
recognized. 
The studies performed for this thesis concentrate on a delta wing in rolling 
oscillation at zero angle of attack, although a limited analysis of the a.ngle of 
attack case is presented. Future work should address the more complicated, but 
more applicable ( to high performance aircraft t]ight) case of rolling oscillation at 
an angle of attack. The interaction of leading-edge vortices caused by the angle 
of attack with vortices caused by rolling oscillation should be a central theme of 
future studies. Also, to eliminate hysteresis effects in leading-edge formation, 
use of a ramp-input function to control the rolling motion would be prolific, be-
cause the ramp function would allow a delay period at the apogee and perigree 
of motion for existing vorticity concentrations on the wing to be convected 
downstream off of the wings. 
By holding one wing stationary and oscillating the other, so that the in-
cluded angle {3 between wings is an acute angle, current theories on the use of 
oscillating leading and trailing edge flaps on delta wings to enhance lift genera-
tion can be studied. 
Many improvements in the technique used to acquire quantitative data and 
calculate quantitative velocities may be made. To obtain more accurate 
measurements of the node deflections at • various streamwise locations, a 
computer-aided-design system should be linked to the high-speed video system to 
digitize selected video frames. The images can then be refined with the aid of 
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line-thinning and filtering image-processing programs. The measurements. can be 
taken by the computer with greater precision than is possible when the measure-
men ts are taken manually. To help assimilate the large volume of data created 
after node deflection measurements are made, a computer may be employed to 
automate the procedure. Once velocities are known at all node points, com-
puter programs can also interpolate additional velocity vectors and subdivide the 
grid to obtain a more accurate representation of the global velocity field. 
Streamlines in the flow may be calculated by the computer and the numerical 
integration computation for circulation may also be performed with greater ac-
curacy than hand computation allows. 
After implementing these improvements, computation of velocity and cir-
culation for many more flow cases becomes practical. More complete analysis 
can then begin. 
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Appendix A 
Construction of Multiple Wire Probes 
Before constructing the multiple wire probe, one must decide on the spac-
ing of the wires desired and the dimensions of the probe. Concerning spacing, 
. 
it is easiest to choose a spacing equal to one of the commonly available 
diameters of plexiglass rod stock. If large spacing is desired, use small diameter 
pegs in pairs to hold the spacing required. 
The construction of the probe can be broken into four parts: building the 
holder; assembling the pegs; wiring the pegs; and stringing the probe. 
The holder is made of solid 1 / 4 inch diameter brass rod which is screwed 
together to form· a frame similar to a tennis racquet. Depending on the size of 
the probe, it may be necessary to use two brass rods to form the "handle" and 
then reinforce them with a couple of short cross-brace pieces. But before assem-
bling the holder, the holes for the plastic pegs must be drilled in the brass rods 
with extreme accuracy, for if they are not, the spacing of the wires will be in-
accurate. If you have ever tried to drill a hole into a round piece of metal, 
you . know how difficult it is to get accurately placei holes whose centers go 
through the center of the round workpiece. Not only is it difficult to mark the 
centers of the holes on the round surface, but when one attempts to drill the 
holes, the drill bit wanders around the surface of the workpiece in the vicinity 
of the marked center before finally inserting itself somewhere other than the in-
dicated spot. To facilita,te drilling the numerous holes required for pegs, a 
) ' 
,, 
guide block, as shown in Figure 4 7, is very helpful. 
Start with a rectangular cross-sectioned piece of steel. Drill the lengthwise 
hole for the brass rod on the lathe (much better lengthwise accuracy than with 
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a drill press). Then mark out the centers for at least three cycles of the repeti-
tive holes to be drilled and very accurately drill these holes into the steel block. 
Finally, use a milling machine to put two parallel lips on the top surface of the 
block. Use this guideblock as a jig to drill the holes in the brass rods. The 
time invested in making the jig is well spent when one considers the speed and 
accuracy with which the actual holes may now be drilled. The lips will allow 
the block to be placed absolutely horizontally in the drill press vice every time 
so all holes are drilled vertically. 
Drill holes over the entire perimeter of the bubble probe frame; one never 
knows when additional wires will be desired; but once the probe is built, adding 
pegs for additional wires becomes much more difficult. Use the milling machine 
to put flats on the ends of two of the four sides of the frame. Drill holes 
· through the flat sections just machined. Use the lathe to drill and tap holes in 
each end of the other two sides of the square frame. 
Next, cover the four sides of the frame with heat-shrink tubing. Leave 
just enough brass bare on each end to permit assembly of the frame. Make 
sure that the hole centers on opposite sides of the frame form an included angle 
of at least ninety degrees (i.e. tilt them outward). This helps to keep the 
platinum wire from slipping off the ends of the plexiglass pegs. Once the frame 
has been assen1bled, attach another long piece of brass rod to the midpoint of 
the probe 's top side to form the "handle" of the probe. Drill and tap a hole 
through the top leg of the square holder. Make the handle from a larger 
diameter of brass rod and step down and tread its, end on the lathe to mate 
with the threaded hole just machined on the frame. Use black electrical tape 
to cover all exposed metal on the probe after final assembly of the four legs 
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and handle. 
Now the plexiglass pegs must be inserted in the holes in the brast, frame. 
Cut the pegs to a length 3/16 inches longer than the diameter of the brass 
rods. The best way to do this is to set the parallel guide on the handsaw at a 
distance from the blade equal to the above length. By using this guide when 
cutting the pegs, you avoid the time consuming task of measuring the locations 
for cuts on the plexiglass rod stock. Also, use a block of wood or plastic to 
feed the plexiglass rod into the saw blade to ensure a good perpendicular cut. 
Cut several hundred pegs, while you're at it, and save the extra pegs for future 
probes. 
To insert the pegs into the holes drilled in the brass rods, first ream 
through the heat shrink tubing covering the holes and then press or lightly 
hammer the pegs into the holes. Be careful when drilling the holes to use a 
drill bit .001 or .002 inches undersized in diameter from the actual diameter of 
the plexiglass ( use a micrometer to determine this dimension). Stock plexiglass is 
rarely actually the thickness of its nominal diameter. 
Before the platinum wire can be strung on the probe holder, copper wire 
leads must be attached to the probe to bring the electrical current to the 
platinum wires. Since more than twelve hundred watts will be traveling 
through the probe, use a heavy gauge wire (12 or 14 gauge) to minimize losses 
in the copper wire. Simply run the wire (four strands) down the handle of the 
pro be ( tape it to the handle periodically) and run one strand in front of each of 
the four sides of the probe on the face which will carry the platinum wire. 
Strip the insulation off the wires only along the portion which comes in contact 
with the platinum wire. Use electrical tape and super glue to hold it firmly in 
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place . 
Now for the fun part -- stringing the probe with platinum wire. Before 
undertaking this grim task, completely clear off a table and find a comfortable 
chair to sit in. Cover the table top with white paper ( computer paper will 
ll 
work fine) and completely tape down all edges. During the entire stringing 
process, keep the table clean and neat! It cannot be over-emphasized that this 
process is tedious enough without making matters worse by using a cluttered or 
dirty table. The white background makes the silver colored platinum • wire 
easier to see, although one still must look closely; remember, it's only one third 
of the thickness of a human hair in diameter. Give yourself enough room to 
spread your elbows out on the table. Also make sure that you have a spool 
with pfenty of platinum wire on it. 
Start wiring by wrapping the platinum • wire around the plexiglass peg 
several times and then soldering the free end to the copper wire in front of that 
peg. Unwind some platinum wire from the spool and loop the the wire around 
the corresponding peg on the other side of the probe. Solder the platinum wire 
to the copper wire where the two overlap, being careful to apply sufficient ten-
sion to the platinum wire. Now bring the platinum wire back arol1nd the peg 
next to the peg with which stringing started. Pull the • wire taught, but be 
gentle -- platinum wire does break easily. Contiunue in the same back and 
( 
forth man11er until all wires are completed. Wrap the platinum wire around the 
last peg several times and again solder the free end. Now all the wires should 
be strung snugly and taught. Soldering each segment of platinum wire to the 
copper leads ensures that the current flowing through each wire segment is 
equal and bubble generation will be uniform. There is a real art to doing this 
. ( 
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last soldering operation while depositing as little solder as possible directly on 
the connection and not br~aking any wires. Take your time! 
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Figure 1: Clap and Fling insect flight mechanism. Kinematics of the fling 
(from Weis-Fogh, 1973) 
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Figure 2: Inviscid streamline pattern illustrating trapped vortex lift 
enhancement (from Rossow, 1978) 
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which approximate a pathline segment. k==2. 7, x/C ==0.8 to 0.9 
79 
00 
0 
, 
' 
Figure 
.. 
~ / 
J / " ' ' J / " ' 1 , 
/I I 
------· _,.,,.,, 
-
... 
... .. 
---.......... :.-~ .. ----- -
.. .. -- ..... 
-
• 
\ 
\ ' 
' 
\ 
'\ 
I ' 
15: Instantaneous velocity field derived from Figure 14. 
.... 
' 
t 
' 
, 
' .. 
,. • 
-
.. • 
..... 
\ 
I \ 
I 
• 
-ex> r - - - - - - - ~ - - - - - -- - ~ - -
I 
t 
I 
I 
.,, I ' 
-r--
1 
• I 
I 
I 
-ooL - ~ \--------
-\ t--------- --· -
Path of Integration 
Wing 
--~----,ex> 
I 
I 
I 
t 
I 
..... I .. 
I 
I 
t 
I 
I 
--"l )--_Joo 
Figure 16: One possible circuit for numerical integration to determine 
circulation. Note location of path along centerline between wings 
... 
• 
• 
J 
\ 
.. 
··-
-·.,, __..... 
/ 
Figure 17: Instantaneous pictures of bubble deflections at two streamwise 
locations which approximate a pathline segment. k= 2. 7, x/C= 0.8 to 0 .. 9 
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